ABSTRACT Millimeter wave (mmWave) communications have been considered as a promising candidate for next generation network since it offers orders-of-magnitude wider underutilized spectrum than classical microwave bands. To combat the severe signal attenuation of the mmWave channel, hybrid precoding has recently received extensive attention. In this paper, we transform the hybrid precoding problem and develop a low complexity joint hybrid precoding algorithm. First, the analog precoder and combiner are obtained by iterative updating using the coordinate descent method. Then, the joint design of the digital precoder and combiner are computed based on the obtained analog precoder and combiner. Simulation results demonstrate that the proposed algorithm approaches optimal unconstrained percoding performance with low complexity. Finally, we investigate the performance of the proposed algorithm for the practical setting, in which only the quantized analog components are available, and find that it is still effective even with coarse quantization.
I. INTRODUCTION
Due to the continuous progress of mobile intelligent terminals and the rapid development of the Internet of Things (IoT), the demand for wireless network capacity is increasing. Fifth generation (5G) mobile network, in particular, aims to address the limitations of previous cellular standards and be a potential key enabler for future [1] - [4] , which will further increase the demand for wireless traffic. It is estimated that by 2021, the traffic of smart devices will be 12 times that of 2016 [5] . The explosive growth of mobile traffic has significantly exacerbated the spectrum congestion of classical frequency bands. In this context, the millimeter wave (mmWave) band with abundant spectrum have prompted a lot of research for achieving higher wireless capacity [6] - [8] .
The main obstacle for mmWave systems is the huge path loss due to its high frequency [9] - [11] . Fortunately, the small wavelength of mmWave signals enables beamforming using large antenna arrays to combat path loss with directional transmission. For classical multiple-input multiple-output (MIMO) systems, precoding is accomplished through digital precoders, which enables controlling both the magnitude and phase of signals. However, this approach consumes a lot of power due to dedicated digital and radio frequency (RF) hardware for each antenna. When it comes to mmWave MIMO systems, the cost and power consumption of RF chains are unfeasible. Therefore, analog precoding structures are usually chosen, where all antennas share a single RF chain [12] - [14] . Nevertheless, due to the constant amplitude constraint on the analog phase shifters, the performance of the analog precoding is limited. To improve performance and support multiple data streams transmission, a hybrid precoding architecture has attracted considerable attention, which only requires a few RF chains interfacing between a low-dimensional digital precoder and a high-dimensional analog precoder.
Hybrid precoding are widely studied for mmWave MIMO systems [15] - [21] . In [15] , exploiting the sparse structure of mmWave channels, it is shown that the spectral efficiency maximization problem for mmWave MIMO systems can be approximately solved by minimizing the Euclidean distance between the optimal unconstrained precoder and the hybrid precoder. The authors of [15] use the principle of basis pursuit and perform a search in the array response vector to solve the constant modulus constraint of the analog precoding matrix. The main constraint of the orthogonal matching pursuit (OMP) algorithm is the high computational complexity. In addition, through a lot of comparisons, when the number of data streams is close to the number of RF chains, the performance is relatively poor. More recent attention has mainly focused on reducing the computation complexity of the OMP algorithm [16] - [18] . For example, in [16] , a greedy algorithm is proposed based on the OMP algorithm. It replaces the costly correlation operations over a dictionary with the elementwise normalization of the first singular vector of the residual. However, there are no theoretical guarantees to justify its performance. In [18] , the proposed CS-BHP algorithm omits matrix pseudo-inverse calculation based on the orthogonality of candidate codebooks. The CS-BHP algorithm has a far lower complexity than the existing algorithms, which has very important significance in reducing the complexity and practical system applications. However, since this algorithm is based on codebooks, it limits the performance of the system.
In order to improve the performance of mmWave system, a heuristic algorithm is designed in [19] , for the special case that the number of RF chains is approximately equal to the number of data streams. It can effectively reduce the performance gap with digital precoding. However, this algorithm requires plenty of calculation for the design of analog precoder and combiner. The authors of [20] assume that a scaled unitary assumption is made for the digital component, and propose a low complexity algorithm which can achieve the performance of the optimal unconstrained precoding. Unfortunately, it can be applied only in the special case when the number of data streams equals the number of RF chains. In [21] , the hybrid precoding problem is equivalent to that of matrix decomposition. Thus, an iterative algorithm named MO-AltMin is proposed, which is based on manifold optimization. The algorithm can approach the similar performance of the optimal unconstrained precoding. However, it needs to update both digital and analog precoding matrices in each iteration, which leads to high complexity. For practical implementation, the PE-AltMin algorithm is proposed by utilizing the orthogonal property of the digital precoder, which can still achieve better performance.
The above references all decouple the hybrid precoding problems of the transceiver, for avoiding multivariable joint optimization. Therefore, the complexity can be further reduced. In this paper, we propose a low complexity joint hybrid precoding algorithm that approximates the optimal unconstrained precoder. The main contributions of this paper can be summarized as follows: 1) In this paper, the hybrid precoding problem is ingeniously transformed using the concept of equivalent channel. Therefore, we propose a low complexity algorithm which can realize the joint design of transceiver. Analysis results demonstrate that the proposed algorithm can perform close to performance of optimal unconstrained percoding. 2) We analyze the complexity of the proposed algorithm in detail and compare it with the classical OMP algorithm and PE-AltMin algorithm. Theoretical analyses show that the complexity of this algorithm is lower than the other two algorithms.
3) We consider a more practical system architecture where only finite-resolution phase shifters are available. We study the effect of quantization on the performance of different algorithms. Simulation results show that the proposed algorithm can obtain better performance even with coarse quantization. The rest of the paper is organized as follows. In Section II, we introduce the system model and problem formulation. In Section III, we present the proposed low complexity joint hybrid precoding algorithm for mmWave systems. In Section IV, we provide the simulation results and performance analysis. The conclusion is given in Section V.
We use the following notation throughout this paper: A, a and a represent a matrix, column vector, and scalar respectively. E(·) denotes the expectation. A(:, ) represents the th column elements and A i,j is the entry on the ith row and jth column of A. A T and A H are its transpose and conjugate transpose of A. A F is its Frobenius norm, whereas |A| is its determinant. I N is the N × N identity matrix.
II. SYSTEM MODEL AND PROBLEM FORMULATION
In this section, we present the system model of the considered mmWave MIMO system, and give the problem formulation of hybrid precoding.
A. SYSTEM MODEL
Consider a single-user mmWave MIMO system using a hybrid structure as shown in Fig. 1 [15] - [21] . The transmitter sends N s data streams using N t antennas and N t RF RF chains to the receiver, which has N r antennas and N r RF RF chains.
It is assumed that
In the hybrid precoding architecture, the data streams are precoded by an N t RF × N s digital precoder F BB at the baseband, followed by an N t × N t RF analog precoder F RF . The transmitted signal is given by
where s is the N s × 1 signal vector of intended messages to the receiver. We normalize s such that
Since the F RF in the hybrid structure is achieved by the analog phase shifter, each element of the RF precoding matrix has constant modulus constraints. We do this by normalizing it as
The normalized transmit power constraint is enforced by normalizing F BB such that ||F RF F BB || 2 F = N s . In this paper, we adopt the extended Saleh Valenzuela cluster channel model, which can accurately capture the characteristics of the mmWave channel [22] . Using the clustered channel model, the channel matrix H is assumed to be the sum of the contributions of N cl scattering clusters, each of which contribute N ray propagation paths to H. Therefore, the narrowband block fading channel can be written as where α i,j is the complex gain of the jth ray in the ith cluster, which is a random identically distributed random variable that follows the complex Gaussian distribution CN (0, σ 2 α,i ). We assume
α,i = N cl , which can normalize the channel matrix so that it satisfies E H 2 F = N r N t . Moreover, we assume that H is known to both transmitter and receiver. Channel state information can be obtained via training and feedback. a(ϕ, θ) are the normalized array response vectors at the transmitter and receiver. Moreover, (ϕ r , θ r ) represents the azimuth and elevation of angles-ofarrival (AoAs), (ϕ t , θ t ) represents the azimuth and elevation of angles-of-departure (AoDs). In this paper, we use the P-element half-wavelength uniform planar array, assuming that every row of the array has L elements, and each column has C elements to satisfy P = LC. The expression of the array response vector is
where 0 ≤ m < L and 0 ≤ n < C denote the numbers of the row and column elements, respectively. The receiver applies an N r × N r RF analog combining matrix W RF and the N r RF × N s digital combining matrix W BB to the received signal. Therefore, the post-processed received signal is
where ρ denotes the average power of the received signal. n is the noise vector of independent and identically distributed (i.i.d.) CN (0, σ 2 n ) elements. Similar to the constraints of transmitter, we normalize the RF combining matrix so that it satisfies |[W RF ] m,n | 2 = 1.
B. PROBLEM FORMULATION
In a fully-connected architecture, each RF chain is connected to all antennas, which are widely used in mmWave MIMO systems, as shown in Fig. 1 . This structure constrains the elements in F RF and W RF to have equal magnitude, i.e., only phase shifting is performed in the analog domain. Therefore, the corresponding problem formulation of hybrid precoding is to find the optimal (F RF , F BB , W RF , W BB ) to maximize the spectral efficiency, which is given by
where
However, the above problem is nonconvex, and the simultaneous design of (F RF , F BB , W RF , W BB ) are too complex to implement. Therefore, this paper will adopt the idea of alternate optimization to solve (F RF , W RF ) and (F BB , W BB ) while fixing the other, which will be the essential idea throughout this paper.
III. LOW COMPLEXITY JOINT HYBRID PRECODING ALGORITHMS FOR MMWAVE SYSTEMS
For the fully-connected structure, as shown in Fig. 1 , the authors of [19] have shown that hybrid precoding can achieve the same performance as optimal unconstrained precoding under the condition that N RF ≥ 2N s . Thus, we will focus on the case that N s ≤ N RF < 2N s in this paper, and discuss the design of hybrid precoding algorithm for the case that N RF = N s firstly.
A. DIGITAL PRECODER AND COMBINER DESIGN OF JOINT HYBRID PRECODING ALGORITHM FOR N RF = N s
In this article, we introduce the concept of equivalent channel used in multi-user precoding [23] - [25] 
We assume that the RF precoding and combining matrices of the transceiver have been determined, so the equivalent channel matrix H e can be obtained. The authors of [21] points out that unconstrained optimal precoding matrix F opt , which is given by the channel's right singular vectors, should VOLUME 6, 2018 be orthogonal in order to mitigate the mutual interference between multiplexed streams. Influenced by this structure, we assume that F BB and W BB are also orthogonal, that is
In fact, there is no existing conclusion for the optimal structure of the digital precoder in the hybrid precoding, but it is natural and feasible to research the design of the hybrid precoder under such orthogonal constraint. More importantly, this orthogonal constraint can separate the design of analog precoder and digital precoder, which will greatly simplify the design of the analog precoder and reduce the complexity of the system [21] .
Moreover, in mmWave MIMO systems, the RF combiner typically satisfies W H RF W RF ≈ I N s when the number of antenna is large [15] , [21] . So we can deduce
Therefore, the hybrid precoding problem can be translated into max log 2 
Based on the above objective function, we can get the corresponding expression of the received signal
we can ignore the noise part of the above equation and translate it further into y = √ ρW H BB H e F BB s. Here, we do not consider the power constraints of the transmitter temporarily, because it is easy to satisfy such constraints by normalizing the digital precoder and combiner. We perform singular value decomposition (SVD) on the equivalent channel matrix to obtain H e = U e e V H e . Since the optimal unconstrained precoder and combiner are the first N s columns of the right and the left singular vector matrices, respectively [15] , [21] , [26] , we can jointly obtain F BB and W BB as
B. ANALOG PRECODER AND COMBINER DESIGN OF JOINT HYBRID PRECODING ALGORITHM FOR N RF = N s Now, we seek to design the RF precoder and combiner for the case that the digital precoder and combiner are obtained by (9) , (10) . When the number of RF chains is equal to the number of data streams, we will get F BB F H BB = I N s , W BB W H BB = I N s , imposing the orthogonal property of F BB and W BB . So the objective function can be equivalent to
According to (11) , it can be seen that the design of analog precoder and combiner (F RF , W RF ) and digital precoder and combiner (F BB , W BB ) are independent, as long as F BB and W BB satisfy the orthogonal properties of (9) and (10) .
We define β = ρ N s N r σ 2 n , then we express the objective functions (11) in the following common form
where we define V as F RF ,H as W H RF H in the precoder design problem, and define V as W RF ,H as F H RF H H in the combiner design problem.
Since
Then we simplify (12) with successive interference cancelation (SIC) method [27] . The objective function can be further recast as
where (a) is true due to the fact that |I + XY| = |I + YX| by defining X = V HHH and Y =HV. Then we define the auxiliary matrix
H in (b). Through observation, we find that log 2 (|T N −1 |) shares the same form as (12) . Therefore, we further expand (b) according to the method in (a). After N simplifications, we can get (c), where
Therefore, the design problem can be equivalent to
For convenience, we use the following notations:
where M = N t in the precoder design problem and M = N r in the combiner design problem. So, we get the final optimization problem as
Since (15) is a multivariable joint optimization problem, it is still difficult to be solved. We adopt coordinate descent method (CDM), which is one effective way to solve multivariable optimization. In each iteration, CDM only optimizes and updates one variable, while assuming other variables are unaltered. Moreover, CDM needs to initialize all variables firstly, so that all variables have initial values. We briefly explain the process of CDM, taking u µ as an example. When solving the µth variable, the previous (µ − 1) variables are all updated values, and the following variables are initial values, so that the µth variable can be solved and updated.
According to Appendix A, the optimal u µ for a given
where ψ(x) represents the phase of a complex variable x, such as
Moreover, in order to improve the performance and convergence of the algorithm, we need to iterate the CDM for k times. Through simulation analysis, only a few iterations are needed to get good performance. In this paper, we assume k = 10.
The algorithm for the design of analog precoder and combiner is described in Algorithm 1.
Algorithm 1 Iterative CDM Algorithm
for n = 1 to N do 4: A =H H T −1 n−1H .
5:
for µ = 1 to M do 6: Determine u µ according to (16) . 7: end for 8 :
end for 11: Update
C. SUMMARY OF JOINT HYBRID PRECODING ALGORITHM FOR N RF = N s
We can obtain the low complexity joint hybrid precoding algorithm for single-user mmWave MIMO system, by synthesizing the digital precoding and combing design method of III-A and the precoding and combing design method of III-B, described as Algorithm 2. We set the stopping criterion triggers of this algorithm as the number of iterations. More information about the stopping criterion triggers will be given in III-E. Furthermore, in II-A, we assume H is known at transmitter, which can be estimated by the receiver and fed back to the transmitter. Therefore, the receiver should first estimate perfect channel information, then calculate (F RF , F BB , W RF , W BB ), and finally feed back (F RF , F BB ) to the transmitter [15] . Therefore, we can find that the Algorithms 1 & 2 take place at the receiver. 
Algorithm 2 Joint Hybrid Precoding Algorithm by
In this section, we will focus on the design of hybrid precoding for the case N s < N t RF < 2N s , N s ≤ N r RF < 2N s . When the analog precoder and combiner are determined, the objective function can still be converted to
We use the method of III-A to design digital precoder F BB and combiner W BB . According to Appendix B, after obtaining the digital precoder and combiner, the spectrum efficiency should be maximized by designing F RF and W RF , regardless of F BB and W BB . The objective function can be written as
Since a sparse structure for mmWave communication channels [15] , it follows that H e = W H RF HF RF is also sparse. So the vast majority of the sum of all the eigenvalues will be occupied by the first few eigenvalues. Therefore, according to the definition of the trace, we can obtain
It can also be written as
It can be seen that (21) and (12) are the same. Therefore, the proposed algorithm is still applicable to the case that VOLUME 6, 2018 the number of data streams does not equal the number of RF chains. However, because of the above approximation, the performance will be slightly lost, which will be reflected in the simulation results later.
E. COMPLEXITY EVALUATION
In this paper, the complexity of the algorithm is the times of the complex multiplication. Without loss of generality, we assume that the antennas at transmitter and receiver are in the similar magnitude, namely N r = O(N t ). To analyze the complexity of the proposed algorithm, we first study the convergence of the algorithm, and the results are shown in Fig. 2 . In the simulation, we assume N t = 256, N r = 64, N RF = N s = 3, SNR = 0 dB. The number of simulation is 3000. As can be seen from Fig. 2 , with the increase in the number of iterations, the spectral efficiency of the proposed algorithm is closer to that of the optimal unconstrained precoding. Moreover, after a few iterations, such as 6 times, the proposed algorithm can converge quickly. Therefore, the iteration number of this algorithm is set to 6.
For the proposed JHP-CDM algorithm, we can observe that the main complexity of the algorithm comes from the following four parts:
1) The first one originates from the computation ofH = W H RF H in step 3, which is O(N RF N 2 t ).
2) The second one is from the execution of step 4. The main complexity comes from the update of A and T in Algorithm 1. The corresponding complexity is O(2N 2 RF N t ) and O(3N 2 RF N t ) respectively. Moreover, the CDM needs to be iteratively executed k times, so the total complexity of step 4 is O(5kN 2 RF N t ).
3) The third one is derived from the step 4, 5. Because steps 5, 6 and 3, 4 are similar, the main complexity of this part is O(N RF N 2 t + 5kN 2 RF N t ). 4) The last one comes from the execution of step 8. The main complexity is O (2N RF N 2  t ) .
To sum up, the complexity of the joint hybrid precoding is O(24kN RF N 2 t + 60kN 2 RF N t ). Since the number of RF chains is much smaller than the number of antennas for massive MIMO systems, the complexity of the proposed algorithm is approximately O(N 2 t ). The main complexity of the Sparse Precoding & Combining algorithm and PE-AltMin comes from the SVD of the original channel matrix, which is O(N 3 t ). It can be seen that the complexity of these algorithms is higher than that of the proposed algorithm even if the remaining steps of the other two algorithms are not considered. This is because the proposed algorithm does not need to perform SVD on the original channel matrix, but only needs to perform SVD on the equivalent channel matrix. Compared with the N r × N t original channel matrix, the N r RF × N t RF equivalent channel matrix is greatly reduced in dimension. Moreover, only the analog precoding matrices need to be updated in the iterative process for the JHP-CDM algorithm. Therefore, the complexity of the proposed algorithm is very low.
IV. SIMULATION RESULTS
In this section, we analyze the performance of the joint hybrid precoding algorithm compared with the algorithms in [15] (named Sparse Precoding & Combining) and [21] (named PE-AltMin). Data streams are sent from a transmitter with N t = 256 to a receiver with N r = 64 antennas, while both are equipped with uniform planar array. We model the channel as N cl = 5 clusters, and each cluster has N ray = 10 rays inside. We assume that the AoDs and the AoAs obey the uniform distribution on [0, 2π], and the angular spread of 10 degrees. For the sake of fairness, the same total power constraint is applied to all precoding algorithms. All the reported results are the average of 3000 random channel realizations.
A. SPECTRAL EFFICIENCY EVALUATION
Firstly, we investigate the spectral efficiency of different algorithms for the case N RF = N s = 3, and the result is shown in Fig. 3 . Because the number of RF chains cannot be lower than the number of data streams, this is the most cost-effective, and energy-conserving situation. As can be seen from Fig. 3 , the performance of the Sparse Precoding & Combining algorithm is far lower than that of the other two algorithms. On the one hand, the performance of this algorithm is limited to the established codebook, and on the other hand, the performance of the algorithm is reduced in the scenario where the number of RF chains is close to the number of data streams. Observing the other two algorithms, it can be seen that both algorithms can achieve near optimal unconstrained precoding performance, illustrating the superiority of these two algorithms. In addition, the performance of the proposed algorithm is slightly better than that of the PE-AltMin algorithm by observing partial enlarged graph. For additional simulation validation, Fig. 4 illustrates the spectral efficiency versus the number of antennas. In practical applications, the number of antennas of transmitters is usually larger than that of receivers. So, in the simulation, we assume N t = 4N r , and the SNR is fixed to 0 dB. From  Fig. 4 , it can be concluded that as the number of antennas increases, the spectrum efficiency of the system increases rapidly, even if the number of RF chains and data streams does not change. This fully demonstrates the superiority of the mmWave MIMO system. In addition, it can be seen that the growth in spectrum efficiency is gradually slowing down. The relationship between the performance of each algorithm is the same as that in Fig. 3 .
To make a more comprehensive comparison for the performance of the different algorithms for the case that N RF = N s , we perform further simulation, as shown in Fig. 5 . In the simulation, we assume that the SNR is 0 dB and the number of streams equals the number of RF chains, which varies between 3-6. It can be seen that in all cases, the performance of the proposed algorithm exceeds the performance of the other two algorithms. In addition, according to Fig. 5 , it is foreseeable that the gap between the spectral efficiency achieved by all algorithms and the optimal unconstrained precoding gradually increases with the number of RF chains. Therefore, to improve the performance of the system, it is necessary to study the hybrid precoding algorithm when the number of RF chains is greater than the number of data streams. Then we study the situation of N s < N t RF < 2N s , N s < N r RF < 2N s and obtain the simulation results as shown in Fig. 6 . In the simulation, we assume N RF = 3. When the number of data streams is 1, all algorithms can achieve near optimal unconstrained precoding performance. When the number of data streams is 2, it can be seen that the gap between the performance of the Sparse Precoding & Combining algorithm and the performance of the optimal unconstrained precoding has rapidly expanded. This further verifies that the Sparse Precoding & Combining algorithm has poor performance when the number of data streams is approximately equal to the number of RF chains. In addition, VOLUME 6, 2018 observing the other two algorithms, we can see that both can achieve near optimal unconstrained precoding performance. The performance of PE-AltMin is slightly better than the performance of the proposed algorithm. The reason is that there is a slight decrease in performance due to the approximation of equation (20) , which also verifies the conclusion of III-D.
To illustrate the reasonableness of the approximation in (20) , we execute a lot of tests. In the simulation, we assume that N s = 6 and N RF varies between 6-12. We perform SVD on the randomly generated original channel matrices in the simulation. Then we use λ N s to represent the sum of the previous N s eigenvalues, and λ to represent the sum of all the eigenvalues. Moreover, α = λ Ns λ is used to represent the degree of approximation of (20) and the results are shown in TABLE. 1. As can be seen from TABLE. 1, when N RF = N s = 6, the ratio is 100%, which is reasonable. Even when the number of RF chains is twice the number of streams, the ratio is as high as 82%. Therefore, this algorithm can also achieve excellent performance in general scenarios. 
B. QUANTIFY PERFORMANCE ANALYSIS
Due to the practical application scenario, phase shifters are finite, so it is necessary to study the effect of quantization on the performance of different algorithms and the results are shown in Fig. 7 . In the simulation, the elements of analog precoder and combiner are quantized immediately after they are computed in this paper, and B stands for quantized bits. Moreover, the proposed algorithm adopts 2-bit quantization Firstly, by comparing with Fig. 3 , we can see that the spectral efficiency of all algorithms is reduced by about 5 bps/Hz because of the existence of quantization. Secondly, the performance of the proposed algorithm is better than the other two algorithms at the same quantization level (B = 4). Finally, we can see that the performance of the proposed algorithm using 2-bit quantization can exceed the performance of Sparse Precoding & Combining algorithm using 4-bit quantization.
From the above analysis, we can find that the proposed algorithm is more effective for the practical communication systems in which only finite resolution phase shifters are available.
V. CONCLUSIONS
In this paper, a low complexity joint hybrid precoding algorithm is proposed for single-user mmWave MIMO system. The proposed algorithm uses the concept of equivalent channel, and decouples the digital precoder and combiner with the analog precoder and combiner. We use the CDM to compute the analog precoder and combiner. Then we use the SVD of the equivalent channel to jointly design the digital precoder and combiner. Since the algorithm only needs to update the analog precoder and combiner in the iterative process, it can achieve the performance near the optimal unconstrained precoding with very low complexity. Finally, we find that the algorithm can still achieve excellent performance in the actual setting where only quantized phase shifters are available. Our future work will study the algorithm for OFDM systems and multi-user MIMO scenarios. 
